γ-CuCl is a wide-bandgap (E g = 3.395eV), direct bandgap, semiconductor material with a cubic zincblende lattice structure. Its lattice constant, a CuCl = 0.541 nm, means that the lattice mismatch to Si (a Si = 0.543 nm) is <0.5%. γ-CuCl on Si -the growth of a wide-bandgap, direct bandgap, optoelectronics material on silicon substrates is a novel material system, with compatibility to current Si based electronic/optoelectronics technologies. The authors report on early investigations consisting of the growth of polycrystalline, CuCl thin films on Si (100), Si (111), and quartz substrates by physical vapour deposition. X-ray diffraction (XRD) studies indicate that CuCl grows preferentially in the <111> direction. Photoluminescence (PL) and Cathodoluminescence (CL) reveal a strong room temperature Z 3 excitonic emission at ~387nm. A demonstration electroluminescent device (ELD) structure based on the deposition of CuCl on Si was developed. Preliminary electroluminescence measurements confirm UV light emission at wavelengths of ~380nm and ~387nm, due to excitonic behaviour. A further emission occurs in the bandgap region at ~360nm.
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INTRODUCTION
To date the materials of choice for blue and ultra-violet light emitting and solid-state laser diodes consist of a number of variants of the III-Nitrides. These are generally grown epitaxially in thin single crystal layers on lattice-mismatched substrates, typically α-Al 2 O 3 (sapphire) or SiC, leading to the generation of misfit dislocations, (densities as high as 10 10 cm -2 ) which are deleterious to the performance of light emitting devices produced thereupon. In recent years much research has been focussed on improving the quality of epitaxial growth of GaN and its related alloys on Al 2 O 3 and SiC substrates. The introduction of epitaxial lateral overgrowth (ELOG) techniques 1, 2 has facilitated the production of III-Nitride films with threading dislocation densities of 10 4 -10 5 cm -2 -a reduction by 3-4 orders of magnitude with respect to conventional metalorganic chemical vapour deposition techniques 3, 4 but still very high compared to mature technologies such as Si or GaAs. A major reason for this high threading dislocation density is a fundamental lattice mismatch between the film and substrate. For example, in the case of GaN epitaxy on (0001) α-Al 2 O 3 , the lattice misfit is as high as 13.9%
.
Opto Excitonic properties of copper halides have attracted much attention, as the exciton binding energies (190 meV for CuCl and 108 meV for CuBr) are much larger than those for III-V and II-VI semiconductors 8 . Over the past decade or so, research on the cuprous halides has focussed on three main areas: (1) Spectroscopic and theoretical studies of band structures and excitonic-based luminescence in CuCl, CuBr and copper halide mixed crystals [8] [9] [10] , (2) Fundamental photoluminescence and spectroscopic studies of CuCl quantum dots embedded in NaCl crystals 11, 12 and glass matrices 13, 14 , (3) Surface studies of the growth mechanisms involved in the heteroepitaxy of CuCl single crystals on a number of substrates such as MgO (001) and CaF 2 (111) 15 and reconstructed (0001) haematite (α-Fe 2 O 3 ) 16 . One group of researchers has examined the surface growth mechanisms in the heteroepitaxy of single crystalline films of CuCl on both Si and GaAs substrates by molecular beam epitaxy 17 . This study however, focussed on the fundamental physics of the island growth process and the nature of the interfacial bonding.
In this paper we present preliminary results in the investigation of a new blue-UV light emitting material system, γ-CuCl on Si. The small lattice mismatch (<0.5%) between Si and CuCl suggests that the growth of high quality, low dislocation density epitaxial CuCl thin films on Si substrates should be possible. This offers potential for a paradigm shift in wide-bandgap semiconductor growth: "blue" optoelectronics on Si wafers.
EXPERIMENTAL
The CuCl thin film samples with typical layer thicknesses of ~500 nm were grown on Si (100), Si (111) and glass substrates at room temperature using a vacuum deposition method at a base pressure of ~ 1 x 10 -5 mbar. Prior to deposition the silicon substrates were degreased in organic solvents and the native oxide was removed by dipping in a hydrofluoric acid solution. The substrates were then rinsed in deionised water and blow-dried with a nitrogen gun. Commercially supplied CuCl powders of 97% (Merck) and 99.999%(Alfa Aesar) purity, respectively, were heated in a quartz crucible and the evaporation rate, which was controlled by monitoring the frequency of a crystal oscillator, was approximately 0.5 nms -1 . X-ray diffraction (XRD) measurements using Bragg-Brentano and rocking curve geometries to investigate the crystallinity of the thin films are performed using a D8 Advance X-Ray Diffractometer from Bruker Advanced X-ray Solutions. The x-rays are monochromatic with a wavelength of ~1.54Å characteristic of a Cu target. The resolution of the diffraction patterns is 0.01 o .
A UV Ar ion Innova laser with a second harmonic generation crystal producing a 244nm line was used to excite photoluminescence (PL), which was captured with a TRIAX 190 spectrometer. The excitation power was ~ 100W/cm 2 . Temperature dependent measurements were performed from room temperature to 10K.
Room temperature cathodoluminescence (CL) studies were performed using a LEO Stereoscan 440 scanning electron microscope with an electron beam of 5-10keV and probe current of 15nA. The luminescence was collected by a parabolic mirror, with high collection efficiency (~80%), placed 1 mm above the sample. The signal collected was transferred onto a Gatan MonoCL instrument equipped with a 1200 lines/mm grating. The spectral resolution was approximately 1 nm.
The electroluminescence (EL) characteristics were investigated using a single-insulating-layer thin film electroluminescent (TFEL) device structure consisting of a CuCl active layer grown on a silicon substrate and a SiO 2 insulating layer. A schematic diagram of the TFEL test device structure is shown in Fig.1 Fig . 1 Diagram of the electroluminescent device structure.
An Au contact ~100nm thick was deposited on the unpolished side of the Si substrate using an Edwards Scancoat sputtering system. This was annealed at 300 o C, for 5 minutes to ensure a good ohmic contact. The CuCl thin film ~500nm was deposited on the polished Si surface as described above. The SiO 2 insulating layer ~300nm thick was deposited from a liquid glass solution using a dip coating method. Finally a top gold electrode was sputter deposited as before. The EL measurements of the test devices were evaluated using a SOFIE spectrophotometer with a photomultiplier tube (spectral range of 200-900 nm). The ELD device was driven by an a.c. sinusoidal waveform with a frequency of 1kHz and a peak-to-peak voltage of 100V.
RESULTS AND DISCUSSION
Immediately following deposition of CuCl on substrates of glass, Si (100) and Si (111), respectively, XRD measurements were performed to monitor the crystallinity of the deposited CuCl thin films. These XRD scans were then compared to powder diffraction software files provided by the manufacturer and to the trace of the starting CuCl powder which was compressed into a pellet and measured. Indexing of the interplanar spacings using the Bragg equation for the cubic unit cell, θ λ Intensity (a.u.)
Fig. 2 X-ray θ-2θ diffraction pattern of CuCl on glass (a) Immediately after deposition (b) 2 weeks after deposition
One challenge associated with the use of CuCl is that it is sensitive to moist air. Under the influence of light and moisture, hydrated oxyhalides of Cu ++ are formed 6 . This reaction can be easily recognised by a colour change in CuCl associated with the presence of the greenish colour Cu ++ ions. Two weeks after deposition the CuCl sample was examined again in the x-ray diffractometer. The resulting XRD spectrum is shown if fig. 2(b) . It can be clearly seen that a complete recrystallisation of the CuCl thin film has taken place. The spectrum is dominated by an intense peak at 2θ ≈16.28 o , which is attributed to the (100) reflection of Cu(OH)Cl formed by the reaction of CuCl with moist air. This is consistent with reports by other authors 18 . Suitable storage conditions are therefore necessary to prolong the lifetime of uncapped CuCl samples and a protective layer is needed to prevent this reaction. This layer consists of a spin-coated (or dip coated) liquid glass layer, which Fourier Transform InfraRed (FTIR) and XRD analysis has shown to be an effective means of sealing the CuCl system for many months. clear epitaxial alignment with the substrate. The only peak seen in the Bragg-Brentano geometry for CuCl grown on a Si (111) substrate is an intense (111) reflection at 2θ ≈28.50 o . Rocking curves are therefore used to investigate the alignment of the (111) CuCl grains with the underlying Si (111) substrate. Fig. 3 shows a rocking curve of a CuCl thin film on Si (111) substrate (solid line) superimposed on a rocking curve of a Si (111) wafer (dashed line). A distinct broadening at the base of the rocking curve is seen in the case of the CuCl thin film. This suggests that the CuCl film consists of polycrystalline grains of (111) orientation, which are not in perfect alignment with the Si substrate.
PL spectra for a CuCl on Si (100) sample, grown from CuCl powder of 97% purity, measured at 10K, 50K and 240K respectively are shown in fig. 4 . Two peaks are evident in the spectrum taken at 10K. The main peak which occurs at ~ 3.208eV is the Z 3 free exciton peak. On the low energy side of the free exciton peak a second peak occurs at ~ 3.184eV. This is attributed to an emission from an exciton bound to an impurity 8, 19 , which has been called the I 1 bound exciton. The impurity has previously been identified as a neutral acceptor, possibly a Cu vacancy 20 . At 50K only the Z 3 exciton peak is visible and has shifted slightly to an energy ~3.221eV. The disappearance of the I 1 bound exciton at 50K is considered to be due to the thermal dissociation of the bound state as the binding energy of the bound exciton has been reported to be ~22meV The main feature of the room temperature CL spectrum ( fig. 5 ) is a strong emission at ~387nm (3.21eV). A broad blue-green emission band centred at ~520nm can also be identified. Comparing spectra labeled (a) and (b) it is noted that these features were common to samples with starting CuCl powders of both 97% and 99.999% purity, respectively, suggesting that they are intrinsic features. The emission at 3.21eV is assigned to the Z 3 exciton emission. Room temperature excitonic emission is possible due to the large binding energy of the free exciton (~ 190 meV) in CuCl. CL was also investigated as a function of CuCl thickness. Fig. 6 shows an example of CL spectra for a 1000nm (a) and a 100nm (b) CuCl film on Si (100) prepared from CuCl powder of 97% purity. It is clearly seen that the intensity ratio of the Z 3 excitonic emission to the broad defect band emission (Int. Z 3 /Int. broad band) decreases dramatically with film thickness from ~8.0 for the 100nm film to The results of the EL measurement are shown in fig. 7 . As the Au electrode was non-transparent, emission was observed only from the edges of the electrode; hence the intensity of the spectrum is rather low. Energy (eV) Fig. 7 Electroluminescence spectrum of CuCl on Si (100) at room temperature
The main feature of the spectrum is a broad band centred on 360nm (3.45eV) due to emission from the direct band-to-band transition. Two further peaks can be identified at ~380nm (3.27eV) and ~387nm (3.21eV). The peak at ~387nm agrees with the Z 3 excitonic emission also seen in room temperature CL measurements as already discussed. Taking into account the broad nature of these peaks, the energy separation of 60meV is consistent with that of the Z 1,2 and Z 3 excitons observed in room-temperature UV-Vis absorption measurements 22 . These excitons originate from the coupling of the lowest conduction band state Γ 6 to both the uppermost valence band holes Γ 8 (Z 1,2 ) and Γ 7 (Z 3 ) respectively 8, 23 . Therefore the emission at ~380nm could be tentatively assigned to a Z 1,2 excitonic emission.
CONCLUSION
We have grown polycrystalline γ-CuCl on Si (111) and Si (100) substrates. CuCl grows preferentially in the <111> direction. Low temperature PL studies show at least two excitonic peaks -the free and bound excitons. CL measurements reveal a strong room temperature Z 3 excitonic emission at ≈387nm. We have a demonstrated a simple electroluminescent device structure based on the growth of CuCl on silicon with light emission occurring across the direct band-gap and from excitonic emission. This indicates that potential exists for this material system in applications for UV light emitting devices.
